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Severe early childhood caries (ECC), while strongly associated with Streptococcus mutans using selective
detection (culture, PCR), has also been associated with a widely diverse microbiota using molecular cloning
approaches. The aim of this study was to evaluate the microbiota of severe ECC using anaerobic culture. The
microbial composition of dental plaque from 42 severe ECC children was compared with that of 40 caries-free
children. Bacterial samples were cultured anaerobically on blood and acid (pH 5) agars. Isolates were purified,
and partial sequences for the 16S rRNA gene were obtained from 5,608 isolates. Sequence-based analysis of the
16S rRNA isolate libraries from blood and acid agars of severe ECC and caries-free children had >90%
population coverage, with greater diversity occurring in the blood isolate library. Isolate sequences were
compared with taxon sequences in the Human Oral Microbiome Database (HOMD), and 198 HOMD taxa were
identified, including 45 previously uncultivated taxa, 29 extended HOMD taxa, and 45 potential novel groups.
The major species associated with severe ECC included Streptococcus mutans, Scardovia wiggsiae, Veillonella
parvula, Streptococcus cristatus, and Actinomyces gerensceriae. S. wiggsiae was significantly associated with severe
ECC children in the presence and absence of S. mutans detection. We conclude that anaerobic culture detected
as wide a diversity of species in ECC as that observed using cloning approaches. Culture coupled with 16S
rRNA identification identified over 74 isolates for human oral taxa without previously cultivated representa-
tives. The major caries-associated species were S. mutans and S. wiggsiae, the latter of which is a candidate as
a newly recognized caries pathogen.

Early childhood caries (ECC), dental caries of the primary
dentition, also known as nursing (bottle) caries, is the most
common chronic infectious disease of childhood in the United
States, affecting 28% of the population (6). Advanced forms of
this disease, severe ECC, can destroy the primary dentition and
is the major reason for hospital visits for young children (42).
Severe ECC disproportionately affects disadvantaged ethnic
and socioeconomic groups and can affect over 50% of the
children in these groups (2, 19, 23, 38, 55).

Dental caries is caused by an interaction between acidogenic
bacteria, a carbohydrate substrate which is frequently sucrose,
and host susceptibility (51). The acidogenic and acid-tolerant
bacterial species Streptococcus mutans is recognized to be the

primary pathogen in early childhood caries (4, 8, 31, 50). S.
mutans is detected in caries-free populations but is not de-
tected in all cases of childhood caries (1, 27), suggesting that
other species may be cariogenic pathogens.

Studies of severe ECC using culture have historically fo-
cused on selected bacterial groups, particularly S. mutans and
other Streptococcus species and Lactobacillus, Actinomyces,
and Veillonella species (27, 31, 33, 52). Isolates were generally
identified phenotypically, sometimes only to the genus level,
and thus, their relationships to currently defined human oral
taxa on the basis of a 16S rRNA-defined taxonomy (11) are
unclear. Culture studies demonstrated a strong association of
S. mutans with ECC and severe ECC and also reported signif-
icant associations with selected Actinomyces and Lactobacillus
species. Primary isolation on acid media has been used to
select for acid-tolerant species that would be present in active
carious lesions. Total counts were higher on acid agar from
children with initial caries (45) and severe ECC (21) than from
caries-free children. Acid broth enrichment was found to select
for Streptococcus oralis, S. mutans, Actinomyces israelii, and
Actinomyces naeslundii in severe ECC (31).

PCR of the 16S rRNA gene with cloning and subsequent
sequencing has been used to evaluate the diversity of the mi-
crobiota of early childhood caries, and combined with use of
species/taxon-specific probes to the 16S rRNA gene to evalu-
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ate disease associations between children with and without
carious lesions (1, 3, 9, 18), these molecular methods were
found to detect a wider diversity of species than previous
culture-based studies, including unnamed taxa not previously
recognized by culture. Species associated with samples from
carious lesions included Gram-negative anaerobic species of
Prevotella, Porphyromonas, and Selenomonas and an unnamed
Bifidobacterium species which was associated with caries deep
into dentine (3). Anaerobic culture, using 16S rRNA gene
sequences for isolate identification, of carious dentine in adults
detected a wide diversity of species that was comparable to the
diversity found by cloning and sequencing analyses of the same
samples (35). Further, the latter study indicated that increased
proportions of actinobacteria were detected by culture than by
clonal analysis (35), indicating the ability of anaerobic culture
to detect a component of oral microbial diversity that was
underrepresented by molecular methods.

The primary purpose of this study was to evaluate the mi-
crobiota of severe ECC to determine whether there were spe-
cies, other than S. mutans, that were significantly associated
with caries and that could be pathogens for this infection. The
study hypothesized that the microbiota would differ between
plaque from children with carious lesions and plaque from
caries-free children and that any new acidogenic caries-associ-
ated taxa would be candidates as caries pathogens. By using
enriched and acid isolation media, strict anaerobiosis for sam-
ple handling, and strain identification by 16S rRNA sequence
analysis and by sampling a sufficient number of children to
adequately differentiate disease categories, we anticipated that
several isolates would belong to previously uncultured oral
taxa previously known only from molecular cloning studies.

MATERIALS AND METHODS

Study population. Medically healthy 2- to 6-year-old children were recruited
from the dental clinics at the Departments of Pediatric Dentistry at Boston
University Goldman School of Dentistry and Tufts University and Cambridge
Health Alliance, Cambridge, MA. The children in this study were from among
severe ECC and caries-free children for whom the diet, the microbiota by
selective culture, and clonal analysis have been described (21, 24, 36). Children
with severe ECC (14) had extensive caries in the primary dentition that affected
over 36% of tooth surfaces with an average of 4 pulpally involved teeth (21) and
were scheduled for restorative treatment under general anesthesia. Caries-free
children, determined by visual and radiographic examination, had no cavities or
enamel white spot lesions, which can represent early stages of tooth enamel
demineralization. Inclusion criteria were that the child was medically healthy and
had not used antibiotics within the last 3 months and the parent or guardian was
willing to consent to the child’s clinical examination and microbial sampling. The
study design was explained to the child’s parent or guardian, from whom in-
formed consent was obtained if they were willing to participate with their child.
The study design, protocol, and informed consent were approved by the Insti-
tutional Review Boards of Boston University, Tufts University, Cambridge
Health Alliance, and the Forsyth Institute.

Clinical examination, sociodemographic information, and bacterial sampling.
Parents or guardians of the children completed a survey that included child
demographic information and a 24-h food survey of a typical day (36). For the
severe ECC children, clinical investigators recorded clinical measurements and
took plaque samples while the child was under general anesthesia during the visit
for dental treatment. For the caries-free children, clinical measurements and
sampling were performed in the dental clinic. Clinical measurements comprised
enumerating the teeth and extent of caries by tooth surface (mesial, buccal,
lingual, labial, and occlusal), plaque and gingival indexes, and gingival bleeding
(24).

Plaque samples were taken with sterile wooden toothpicks (32) from the
buccal and interproximal surfaces of molars to include plaque from carious
lesions in the severe ECC children. Each plaque sample was put in a 5-ml

gastight vial containing 2 ml prereduced anaerobically sterilized (PRAS) Ring-
er’s solution (49) with 3-mm glass beads (44) and placed in insulated bags with
frozen freezer blocks. Samples were transported to the microbiology laboratory
and processed within 4 h of sampling.

Microbiological analysis of plaque samples. Samples were dispersed anaero-
bically by vortexing the anaerobic gastight sample vials for 30 s. Serial 10-fold
dilutions of each sample were performed in PRAS Ringer’s solution under
oxygen-free argon (49). Appropriate dilutions were plated in duplicate on acid
agar, comprising Trypticase soy agar (20 g/liter), brain heart infusion agar (26
g/liter), yeast extract (10 g/liter), and hemin (5 mg/liter), with the pH being
adjusted to pH 5.0 with HCl before the agar was autoclaved. Samples were also
plated on blood agar (BA), comprising Trypticase soy agar (20 g/liter), brain
heart infusion agar (26 g/liter), yeast extract (10 g/liter), hemin (5 mg/liter),
menadione (0.5 mg/liter), N-acetyl-muramic acid (10 mg/liter), and defibrinated
sheep blood (50 ml/liter), and on fastidious anaerobe agar (FFA; Acumedia
Manufacturers, Inc., Lansing, MI) with hemin (5 mg/liter) and defibrinated
sheep blood (50 ml/liter). The primary isolation plates were incubated in an
anaerobic chamber in an atmosphere of 80% N2, 10% H2, and 10% CO2 (49).
After 8 to 10 days of anaerobic incubation, colonies from dilutions yielding about
30 to 100 colonies were counted. From the acid agar, 30 to 50 colonies of each
sample were subcultured to acid and to blood agar. From the blood agar, 15 to
20 colonies from a BA plate and 15 to 20 colonies from an FFA plate were
subcultured to a BA plate to obtain a total of 30 to 40 isolates from blood agar
for each sample. Subcultures were reincubated anaerobically, and new colonies
were examined for purity by evaluation of colony morphology. Mixed cultures
were replated and cultured until there was colony homogeneity.

16S rRNA sequencing of isolates. Strains were identified by harvesting cells
from blood agar, even if primary isolation was on the acid agar. For the initial 10
samples, bacterial cells were harvested in 100 �l 50 mM Tris-EDTA buffer, pH
7.6, and DNA was purified using a DNeasy blood and tissue kit (Qiagen, Inc.,
Valencia, CA). For subsequent samples, colony PCR was performed by touching
a sterile pipette tip to a young colony (3 to 4 days) and putting cells directly in
the PCR mix. The 16S rRNA gene was amplified using universal bacterial
primers F24 and F25 for 16S rRNA (16). PCRs were performed in 50 �l mix
(NEB 10� ThermoPol reaction buffer, 1 U NEB Taq DNA polymerase, 10 mM
Roche PCR nucleotide mix) under cycling conditions of 94°C for 15 min; 30
cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 90 s plus 1 s per cycle; 72°C
for 15 min; and a 4°C hold. For purified DNA, the initial denaturing step was
decreased from 15 min to 5 min. The PCR amplification product (1,500 bases)
was examined using 1% agarose gel electrophoresis.

The PCR product was treated with exonuclease I (USB Corporation, Cleve-
land, OH) and shrimp alkaline phosphatase (USB Corporation, Cleveland, OH),
following the manufacturer’s instructions, under conditions of 37°C for 15 min,
80°C for 15 min, and a 4°C hold to remove primers and deoxynucleoside triphos-
phates. Purified amplicons in the 16S rRNA gene were sequenced using an ABI
Prism cycle sequencing kit on an ABI 3100 DNA sequencer (Applied Biosys-
tems, Foster City, CA). The sequencing primer was F15 (positions 519 to 533,
reverse, 5�-TTA CCG CGG CTG CTG-3�) as previously described (24, 37).

Isolates that failed PCR with the F24 and F25 universal primers or in sequenc-
ing were treated as follows. DNA from a bacterial colony was isolated using 15
�l GeneReleaser reagent (Bioventures, Inc., Murfreesboro, TN), following the
manufacturer’s protocol, using the following conditions: 65°C for 30 s, 8°C for
30 s, 65°C for 90 s, 97°C for 180 s, 8°C for 60 s, 65°C for 180 s, 97°C for 60 s, 65°C
for 60 s, and an 80°C hold. This was followed by PCR using the same reagents
used for the initial PCR (with primers F24 and F25) but with primers amplifying
800 bp (primer 8FPL [forward, 5�-AGA GTT TGA TCC TGG CTC AG-3�] and
primer 806R [reverse, 5�-GGA CTA CCA GGG TAT CTA AT-3�]) (40). Cycling
conditions were 94°C for 2 min; 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 2 min; 72°C for 5 min; and a 4°C hold. Electrophoresis on a 1% agarose gel
was used to verify that amplicons were of 800 bases in size. Positive amplicons
were sent to Genewiz, Inc. (South Plainfield, NJ), for cleanup and sequencing
with the 806R primer.

Taxon identification using HOMD. Isolate sequences approximately 400 to
800 bases long were examined by BLAST analysis against a 16S rRNA reference
sequence set at the Human Oral Microbiome Database (HOMD) (10, 11). The
Human Oral Microbiome Database (version 10) contains 619 species and phy-
lotypes based on 98.5% similarity cutoffs of full 1,540-base 16S rRNA sequences.
Each oral species or phylotype in the database has been given a Human Oral
Taxon (HOT) number. Isolate identifications required a single read of approx-
imately 350 to 500 bp. The threshold for BLAST identification of 500-base
partial sequences was a 98% match (an approximately 8-base mismatch for
partial sequences). The majority of partial sequences could be identified to
species or human oral taxons, and the few for which some ambiguity existed were
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place in the taxa with the highest similarity match. Strains which did not match
the HOMD references were clustered into extended taxa as previously described
(11). The phylogenetic trees for the species found in this study were created from
the full-length reference sequences in HOMD using the neighbor-joining
method (Fig. 1 and 2).

Statistical analyses. Children were divided into the severe ECC and caries-
free categories. Mean differences between severe ECC and caries-free children
in age, plaque, gingival indices, and percentage of gingival sites bleeding were
evaluated by t test. Contingency tables were used to evaluate associations be-
tween each disease category and gender and race-ethnicity and were compared
by chi-square or Fisher’s exact test. Counts from blood and acid isolation media
were compared by the Kruskall-Wallis test (Mann-Whitney U test).

For sequence-based comparison, we combined isolate 16S rRNA gene se-
quences into three meta-libraries and assigned them into operational taxonomic
units (OTUs). One library included all sequences from blood agar, the second
included all sequences from acid agar, and the third included all blood and acid
isolates combined. These meta-libraries were aligned to the 16S ribosomal
SILVA reference database (39), and analyses were performed using MOTHUR
software (41), as we previously described for a cloning and sequencing analysis of
this population (24). A distance matrix was created, and sequences were assigned
to phylotypes on the basis of the OTUs calculated from the genetic distance
between sequences. Phylotype richness, coverage from Good’s coverage estima-
tion, (17, 43), and library diversity from the Shannon-Weaver diversity index (41)
were calculated at evolutionary distances of 0.02, 0.03, 0.04, and 0.05 (22) for all
three libraries. Using hypothesis-based comparison between the libraries, we also
tested whether the blood and acid libraries have the same structure using the
Cramer-von Mises test with �-LIBSHUFF (41).

For HOMD-derived taxa, phylotype or species detection frequencies were
calculated by child for blood and acid isolation media and in severe ECC and
caries-free disease categories and were compared by chi-square or Fisher’s exact
test. This analysis was performed for all children and separately for children in
whom S. mutans was not detected. Children were divided into those in whom
neither, one, or both of the species Streptococcus mutans and Scardovia wiggsiae
were detected, and detection frequencies in these groups were compared by
severe ECC and caries-free categories by chi-square analysis.

Statistical analyses were performed using SPSS software (SPSS Inc., Chi-
cago, IL).

RESULTS

The severe ECC and caries-free (control) groups were bal-
anced by age (3.65 and 3.91 years, respectively), gender, race,
and ethnicity (Table 1). The racial classification of the children
was 35% white, 34% black, 28% Asian, and 2.4% other races,
with 24% of the children being Hispanic. Severe ECC children
had more plaque and gingivitis than caries-free children (Table
1). Median acid counts for caries-free and severe ECC children
were 1.23 � 107 and 2.98 � 107, respectively, and blood counts
were 1.93 �108 and 5.94 �108, respectively. Counts were
higher for severe ECC than caries-free children only for blood
agar (P � 0.05). A total of 5,608 isolates were characterized:
from caries-free children, 1,334 and 1,300 with acid and blood
isolation, respectively, and from severe ECC children, 1,404
and 1,570 with acid and blood isolation, respectively.

OTU data. At a 0.02 evolutionary distance (98% similarity),
220 phylotypes were observed from acid agar, 420 from blood
agar, and 563 from combined acid and blood agar (Table 2).
The number of phylotypes from acid and blood media (563
phylotypes) was less than the sum of phylotypes on both media
(640 phylotypes), reflecting detection of some taxa on both
isolation media. The sum of acid and blood agar taxa was more
than the total number of blood agar taxa, indicating that the
acid agar taxa were not just a subset of the blood agar taxa. At
the lower similarities, the number of phylotypes decreased,
with the combined acid and blood agar consistently yielding
higher numbers of phylotypes than either isolation medium by

itself. Using Good’s coverage estimation, higher coverage was
observed from the acid agar (94.57%) than from the blood
agar (91.38%) (Table 2). There was greater diversity, calcu-
lated using the Shannon-Weaver diversity index, from the
blood isolation than the selective acid isolation. The blood and
acid libraries were significantly different from each other using
�-LIBSHUFF (P � 0.001).

HOMD species and phylotypes. Of the 5,608 isolates char-
acterized, 5,112 (92.2%) were found to have �98% sequence
similarity identity to 198 HOMD groups (11), 337 (6.0%) iso-
lates to 52 extended groups, and 139 (2.8%) isolates to 45
potentially novel groups. Taxa for which no isolates had pre-
viously been cultured were 45 HOMD taxa, 29 extended
HOMD taxa, and 45 potentially novel groups. There was in-
creased diversity from blood agar, with identification of 185
HOMD taxa, whereas 88 HOMD taxa were identified from the
acid agar. The species richness or diversity between disease
groups varied between isolation media and comprised 69 taxa
from caries-free children and 60 taxa from severe ECC chil-
dren from acid agar, but 144 taxa from caries-free children and
160 taxa from severe ECC children from blood agar.

The species and phylotypes identified to HOMD groups are
shown in two phylogenic trees (Fig. 1 and 2), with the numbers
of children with taxa detected from acid and blood agars pre-
sented in a table alongside each tree. Figure 1 illustrates the
taxa detected in the phyla Firmicutes and Fusobacteria. The
majority of phylotypes detected were in the Firmicutes (Fig. 1),
including 28 Streptococcus species or phylotypes, 5 Lactobacil-
lus species, 5 Veillonella species or phylotypes, and 17 Sel-
enomonas species or phylotypes. Streptococcus species that
were detected more frequently from blood agar than acid agar
were Streptococcus mitis 2 and Streptococcus sanguinis and also
(at P � 0.05) Streptococcus mitis 1 and Streptococcus gordonii.
Streptococcus salivarius, Streptococcus cristatus, Streptococcus
intermedius, Streptococcus anginosus, and S. mutans were de-
tected more frequently on acid agar. Lactobacillus species were
detected more frequently from acid agar than blood agar,
although detection frequencies were too low for significant
differences. Among the Veillonellaceae, Veillonella parvula was
detected more frequently from blood agar, whereas Veillonella
dispar and Veillonella atypica were detected more frequently
from acid agar isolation. Selenomonas species were preferen-
tially isolated from blood agar. Isolates for 13 previously rec-
ognized, but not yet cultivated, members of the Veillonellaceae
were identified. In the phylum Fusobacteria, Fusobacterium
and Leptotrichia species were preferentially isolated from
blood agar (Fig. 1).

Figure 2 illustrates the species and phylotypes in the phyla
Actinobacteria, Proteobacteria, and Bacteroidetes. Actinomyces
taxa (17) dominated the Actinobacteria and included seven
newly cultivated taxa. Most Actinomyces were preferentially
isolated on blood agar, although several were also isolated on
acid agar, suggesting a degree of acid tolerance. Bifidobacte-
rium, Scardovia, and Parascardovia species were preferentially
isolated on acid agar. Taxa in the Proteobacteria and Bacte-
roidetes were preferentially isolated on blood agar, with only
Campylobacter gracilis and Prevotella melaninogenica being de-
tected on acid agar. Isolates for 12 previously uncultured taxa
were identified in the phylum Bacteroidetes.
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FIG. 1. Phylogenetic tree of Firmicutes and Fusobacteria species and phylotypes detected. Partial 16S rRNA sequences of isolates were compared with
sequences in the Human Oral Microbiome Database. The trees were created from the full 16S rRNA reference sequence. HOT numbers are the
reference taxon numbers in the Human Oral Microbiome Database. The star after the HOT numbers indicates a taxon previously recognized only from
clone sequences. Numbers of children with taxa detected by primary isolation on either blood or acid agar are in the table to the right of the tree. Species
or phylotypes that differed in detection frequencies are noted: *, P � 0.05; **, P � 0.01; ***, P � 0.001 (chi-square test). The scale indicates the
phylogenetic distance.
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FIG. 2. Phylogenetic tree of taxa detected in Actinobacteria, Proteobacteria, and Bacteroidetes. Methods for isolate identification and tree
preparation and definitions of the symbols are as described in the legend to Fig. 1. Species or phylotypes that differed in detection frequencies are
noted: *, P � 0.05; **, P � 0.01; ***, P � 0.001 (chi-square test).
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Disease associations. Species and phylotype associations
with severe ECC and caries-free children are illustrated in Fig.
3 to 5. The major species from blood agar isolation detected
more frequently from severe ECC than caries-free children
(Fig. 3a) were S. mutans and Scardovia wiggsiae. Other species
detected more frequently in severe ECC children from blood
agar, but not significantly, were V. parvula, Actinomyces geren-
sceriae, and Porphyromonas catoniae. Species detected more
frequently in caries-free children from blood agar, but not
significantly, included Capnocytophaga granulosa, Leptotrichia
hofstadii, and Selenomonas dianae. The major severe ECC-
associated species from acid agar (Fig. 3b) were S. mutans, S.
wiggsiae, Parascardovia denticolens, and Streptococcus sobrinus.
Streptococcus mutans and S. wiggsiae detection remained sig-
nificant after adjustment for multiple comparisons. Parascar-
dovia denticolens, Streptococcus sobrinus, Lactobacillus fermen-
tum, Bifidobacterium dentium, Lactobacillus gasseri, and
Lachnospiraceae sp. HOT 107 were detected only from severe
ECC children on acid agar. From acid agar, caries-free chil-
dren had higher detection frequencies of Streptococcus thermo-
philus, S. intermedius, Streptococcus gordonii, Leptotrichia
wadei, and unnamed Actinomyces sp. taxa HOT 180, HOT 177,
HOT 175, and HOT 169.

For the extended HOMD groups (11), Actinomyces dentalis
HOT B29 was detected on blood agar in 2.5% of severe ECC
and caries-free children, Actinomyces massiliensis HOT C93
was detected most frequently from blood agar (P � 0.0001) in
27% of the caries-free children and 19% in the severe ECC
children, and S. thermophilus HOT C65 was significantly asso-
ciated with acid agar (P � 0.0001) and caries-free children
(Fig. 3b). Detection of additional provisional HOMD groups
did not differ between acid and blood isolation. Comparisons
between isolates in novel taxa were not performed, as only
partial sequence data were available and the groups need ver-
ification.

From both blood and acid agars, S. mutans and S. wiggsiae
were the principal species associated with severe ECC, and the

combination of detection of these species and disease category
was examined (Fig. 4). Of the children with both species, over
80% were in the severe ECC disease category, whereas almost
80% of the children in whom neither species was detected were
caries free.

S. mutans was detected in none of the severe ECC children.
A preliminary analysis examined the caries-associated micro-
biota in the absence of S. mutans (Fig. 5). S. mutans was
considered positive in a child if it was detected on either blood
or acid agar for primary isolation. From blood agar (Fig. 5a),
the major species associated with severe ECC in the absence of
S. mutans were S. gordonii, S. cristatus, A. gerensceriae, Dialister
invisus, and S. wiggsiae. From acid primary isolation (Fig. 5b),
S. wiggsiae was associated with severe ECC, being detected in
over 50% of the children. S. thermophilus and S. intermedius
were detected more frequently in the S. mutans-free caries-free
children (Fig. 3b).

DISCUSSION

This study demonstrated that a wide diversity of bacterial
species could be detected from dental plaque samples from
young children by using anaerobic culture using enriched blood
agar and acid agar for primary isolation. A novel finding of this
study was that a newly named species, Scardovia wiggsiae, was
significantly associated with severe early childhood caries, in-
cluding in those children in whom the primary pathogen of
dental caries, S. mutans, was not detected. A previous report in
which molecular methods were used associated Scardovia wigg-
siae (previously classified to be an unidentified Bifidobacterium
species) with advanced dentinal caries in young children (3).
The present study represents one of the largest culture-based
studies of the microbiota of early childhood caries in which
identifications from over 5,600 isolates from blood and acid
agars were analyzed. The size of the subject population, at least
40 children in each clinical category, was dictated by the num-
bers of children needed to show statistically significant differ-
ences between groups.

Microbial diversity. Molecular cloning and sequencing anal-
ysis of dental caries in children has revealed a widely diverse
microbiota (1, 3, 18). When 16S rRNA clones could not be

TABLE 1. Demographic and clinical characteristics of
study population

Characteristic Caries free
(n � 40)

Severe ECC
(n � 42) P value

Mean age (yr) � SEM 3.68 � 0.16 3.97 � 0.12 0.160a

No. (%) male 21 (52.5) 24 (57.1) 0.61b

No. (%) by race:
White 13 (32.5) 16 (38.1)
Black 14 (35) 14 (33.3)
Asian 12 (30) 11 (26.2)
Other/mixed 1 (2.5) 1 (2.4) 0.959b

No. (%) Hispanic ethnicity 10 (25) 10 (25) 1.0b

Clinical characteristics
Mean % carious surfaces 0 33 � 2.7
Mean plaque index � SEM 0.59 � 0.07 1.54 � 0.12 �0.0001a

Mean gingival index � SEM 0.22 � 0.07 1.74 � 0.14 �0.0001b

Mean percent sites bleeding �
SEM

1.9 � 1.0 52.1 � 5.8 �0.0001b

a Student’s t test.
b Chi-square test.

TABLE 2. Phylotype richness, coverage, and diversity of acid and
blood isolate libraries

Library
Evolutionary
distance (%
similarity)

No. of
phylotypes

Good’s
coverage

(%)

Shannon-Weaver
diversity index

Acid isolates 0.02 (98) 220 94.57 3.81 � 0.05
0.03 (97) 172 96.13 3.51 � 0.07
0.04 (96) 135 97.52 3.33 � 0.06
0.05 (95) 117 98.11 3.26 � 0.06

Blood isolates 0.02 (98) 420 91.38 5.19 � 0.05
0.03 (97) 322 94.27 4.93 � 0.05
0.04 (96) 277 95.29 4.73 � 0.05
0.05 (95) 221 96.67 4.52 � 0.05

Acid and blood 0.02 (98) 563 93.67 4.98 � 0.05
isolates 0.03 (97) 425 95.75 4.67 � 0.05

0.04 (96) 346 96.88 4.44 � 0.05
0.05 (95) 280 97.67 4.30 � 0.04
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identified from searches in existing databases, it was assumed
that the clones represented uncultured or uncultivable species.
In the current study, isolation on the enriched blood agar
medium detected a greater diversity of species than isolation
on acid agar, indicating that the nutrients in blood and a
neutral pH favor growth of many fastidious species in dental
plaques. Anaerobic culture frequently detects higher counts
than aerobic incubation for oral and clinical biofilms and many
environmental samples because only the outer bacterial layer is
exposed to environmental oxygen, and thus, most bacteria sur-
vive anaerobic conditions (29). The diversity by culture was
greater than that by clonal analysis of samples from children in
the same population, in part because of limitations of the
primers used for the clonal analysis (24). Some taxa were

FIG. 4. S. mutans (Sm) and S. wiggsiae (Sw) in severe ECC and
caries-free children. Eighty percent of children with both S. wiggsiae
and S. mutans had severe ECC, whereas almost 80% of children with
neither species were caries free, which was significantly different (P �
0.0001, chi-square).

FIG. 3. Major species detected in severe ECC and caries-free children. (a) Blood agar isolation. Taxa detected in over 10% of either severe
ECC or caries-free children are ordered from most frequent in severe ECC children from the left axis and most frequent in caries-free children
from the right axis. Fusobacterium nuc. ss., Fusobacterium nucleatum subspecies. Streptococcus mutans and Scardovia wiggsiae showed the highest
associations with severe ECC children. Species detected more frequently in caries-free children were Leptotrichia hofstadii, Selenomonas dianae,
and Capnocytophaga granulosa. Several taxa previously recognized only from clone sequences, identified to HOT numbers, were detected at higher
proportions from caries-free children, although differences were not statistically significant. (b) Acid (pH 5) agar isolation. Taxa detected in at least
5% of either severe ECC or caries-free children are ordered from most frequent in severe ECC children from the left axis and most frequent in
caries-free children from the right axis. S. mutans, S. wiggsiae, Parascardovia denticolens, and S. sobrinus showed significant associations with severe
ECC children. Caries-free children had higher detection frequencies of Streptococcus thermophilus, S. intermedius, Streptococcus gordonii, Lepto-
trichia wadei, and several unnamed Actinomyces species.
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identified only by clonal analysis, indicating that the cultural
and molecular approaches were complementary. Similar to
Wade and coworkers, we found that the microbiota of dental
caries was mainly cultivable compared with taxa detected using
clonal analysis (35). The majority of previously unrecognized
taxa (new species) and taxa recognized only from clone se-
quences were detected by primary isolation on blood agar
incubated anaerobically. Most of the unnamed/previously un-
cultivated taxa were in the genera Streptococcus, Selenomonas,
Actinomyces, and Capnocytophaga. Using phenotype-based

identifications, many would likely have been misclassified to
named species.

Analysis of OTUs on the basis of 16S rRNA sequence data
has been developed for examining diversity and coverage of
the microbiota in samples (41) and emerges as the current
“gold standard” for examining the comprehensiveness of sam-
ples. Sequence-based data for isolate identifications also al-
lowed analysis of OTUs from meta-libraries assembled from
sequences from isolates from acid and blood agars. A greater
diversity was observed for isolation on blood agar, reflecting

FIG. 5. Major species detected in the absence of S. mutans. (a) Major species detected from blood agar. Species were detected in �10% of
either severe ECC or caries-free children. Species detected more frequently in severe ECC children in the absence of S. mutans were S. gordonii,
S. cristatus, S. intermedius, A. gerensceriae, Dialister invisus, and S. wiggsiae. (b) Species detected from acid agar. Species were detected in �10%
of either severe ECC or caries-free children. S. wiggsiae was associated with severe ECC children, being detected in over 50% of the children.
Species detected more frequently in the S. mutans-free caries-free children were S. thermophilus and S. intermedius.
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the greater nutrient value of this medium, as noted above. In
contrast, the coverage was higher on acid than blood agar. This
indicates that, perhaps because of the lower overall diversity
observed on acid, we captured a higher proportion of taxa that
could be cultured on acid agar than would be expected to grow
on blood agar. A combination of acid and blood agar libraries
did not improve coverage over that by acid agar culture, sug-
gesting that additional species could be detected on blood agar
if more isolates in each sample had been selected for identifi-
cation. The purpose of this study, however, was to associate the
most frequently encountered species with clinical categories;
hence, 40 children in each disease category were sampled.

Microbiota on blood agar compared with acid agar. The
goal of plating samples directly onto an acid (pH 5) agar was to
identify the acid-tolerant species as they existed in vivo in the
plaque samples associated with carious lesions. Pathogens for
dental caries would be expected to be acid tolerant to survive
the acid environment of active carious lesions (45). Separating
oral taxa from childhood caries into those that were acid tol-
erant and acid sensitive has previously been performed, most
recently using isolation in broth (31) and on agar (45). In the
current study, several taxa were selected for by using acid pH
5 primary isolation medium compared with blood agar, partic-
ularly S. mutans, S. salivarius, S. intermedius, S. anginosus, S.
thermophilus, S. wiggsiae, and V. atypica. Parascardovia denti-
colens, Bifidobacterium dentium, and Lactobacillus species were
detected almost exclusively on the acid medium. Svensater et
al. (45) also reported that Bifidobacterium species and several
oral streptococci, in addition to S. mutans, including S. angi-
nosus, S. oralis, S. intermedius, S. oralis, and S. mitis, were
isolated on acid agar using samples from children with initial
caries. In similarity to the results of the current study, March-
ant et al. (31) detected Streptococcus and Actinomyces israelii
isolates from children with severe ECC from acid broth but not
in a pH 7 broth. However, Marchant et al. reported A. naeslun-
dii to be acid sensitive in their study, whereas in the current
study isolates showed acid resistance. In contrast, Svensater et
al. did not report isolation of acid-tolerant Actinomyces species
(45). In the current study, using 16S rRNA gene sequence data
for identifications, Actinomyces species were detected more
frequently from the blood agar than acid agar, except for
Actinomyces odontolyticus, although the difference was not sig-
nificant. A. israelii was detected infrequently but was detected
more frequently on blood. Differences between agar and broth
isolation likely contributed to these differences since the cur-
rent study and that of Svensater et al. (45) had similar findings
when acid agar was used.

In contrast, other species were suppressed by acid isolation,
including species in the acidogenic genera Selenomonas, Cap-
nocytophaga, Prevotella, and Actinomyces. Without knowing
acid tolerance, one might speculate that any acidogenic species
detected in caries-associated plaque might be potential caries
pathogens. It seems less likely that acid-sensitive species, how-
ever, would induce dental caries. Induced acid tolerance of
strains has been examined for bacterial species in diverse oral
genera (46). Species grouped into similar acid tolerance
groups, whether from primary isolation, as in the current study,
or in the laboratory testing of isolates (46). For example, both
approaches categorized Lactobacillus species to be the most
acid tolerant and Prevotella species to be in the more acid-

sensitive group, whereas Actinomyces and most Streptococcus
species showed intermediate levels of acid tolerance. The con-
cordance between clinical sample and laboratory testing meth-
ods obtained when the acid tolerance of species was examined
suggests that the approaches are complementary, and our data
may provide insight into the inducible acid tolerance of oral
bacteria. Knowing the acid tolerance characteristics of oral
bacteria may provide additional insight into the ecology of
species related to carious lesions.

Principal caries-associated microbiota. Isolation of a wide
diversity of species in samples from children with dental caries
allowed us to seek new pathogens for this infection. Both blood
and acid isolation media selected S. mutans and Scardovia
wiggsiae to be the most disease associated. The association of S.
mutans with severe early childhood caries has long been estab-
lished in several culture-based studies using anaerobic culture
on blood agar for isolation (27, 31, 33). The second mutans
streptococcus, S. sobrinus, was detected infrequently: 5% from
blood agar and 15% from acid agar and only in the presence of
S. mutans. We also observed low frequencies of S. sobrinus
detection in these children by selective culture for mutans
streptococci (21) but higher detection frequencies (35%) for S.
sobrinus by PCR (36). These differences based on microbio-
logical methods suggest that species-specific PCR is a more
sensitive approach than culture to detect S. sobrinus.

It has been recognized that species other than the mutans
streptococci play an important role in dental caries (1, 3, 4, 54).
Scardovia wiggsiae (HOT 195) is a newly named species (13)
that was previously associated with advanced dentinal caries in
young children using 16S rRNA gene probe analysis (3), having
been detected as oral clone CX010 from a clonal analysis of
plaque from periodontal pockets (37). Scardovia wiggsiae was
detected in advanced dentinal caries of adults (35) and from
occlusal carious lesions of children (30) as Scardovia genom-
ospecies C1. The current study corroborates the finding of the
study of Becker et al., which further clarifies its association
with dentinal caries, although S. wiggsiae was also detected in
early, white spot lesions (3). Bifidobacteriaceae are generally
acidogenic and acid tolerant and have been significantly asso-
ciated with caries in adults by culture (5, 34, 53) and in children
(1, 30) and in our studies with severe ECC using PCR (36). In
the current study, the combination of S. mutans and S. wiggsiae
was highly associated with severe ECC. This disease-associated
species combination has not previously been reported. Partic-
ularly intriguing was the preliminary observation of S. wiggsiae
in association with severe ECC in the absence of detection of
S. mutans, suggesting that S. wiggsiae may be independently
associated with caries. An alternative interpretation would be
that S. wiggsiae is a secondary invader and is involved with
caries progression into dentine at later stages of the infection,
when it has been observed that S. mutans is not the dominant
species (18, 26). It is not clear why only one previous study
associated S. wiggsiae with early childhood caries, but possible
reasons include the different isolation media and length of
anaerobic incubation used, the previous lack of 16S rRNA
identification to the level of well-defined human oral taxa in
culture-based studies, and poor amplification of Bifidobacteri-
aceae in clonal and sequencing analyses (24). Another possi-
bility could be differences in the sites sampled for analysis.
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Bifidobacteriaceae, Lactobacillus, and Actinomyces species.
Other named Bifidobacteriaceae species detected on the acid
agar in severe ECC children were Parascardovia denticolens
(18%) and Bifidobacterium dentium (10%) in the presence of S.
mutans and B. dentium (15%) in the absence of S. mutans. B.
dentium was the major species detected from childhood caries
(30) using a selective medium for intestinal bifidobacteria
modified for oral samples (5). Another unnamed Bifidobacte-
rium species, HOT 198, was detected in one caries-free child
(Fig. 2). Lactobacillus species were another group of aciduric,
acidogenic anaerobic Gram-positive rod species detected and
were mainly isolated from children with severe ECC, although
rather infrequently and less frequently than from older chil-
dren (18). In the current study, species detected were L. fer-
mentum, Lactobacillus paracasei, and L. gasseri (in the pres-
ence and absence of S. mutans). In our study of ECC using
DNA probes, L. fermentum and L. gasseri were detected in
association with early carious, mainly white spot, lesions of
ECC (25). Using selective isolation from children developing
ECC (nursing caries), the major species detected were L. fer-
mentum with Lactobacillus rhamnosus, Lactobacillus buchneri,
and Lactobacillus casei, but Lactobacillus species comprised
only 1.3% of total cultivable microbiota (31). In nursing caries,
lactobacillus counts were higher at 10%, which was similar to
the results of an earlier study (52), but the species of the strains
were not determined (33). Lactobacillus species have been
considered secondary invaders that flourish in the aciduric
environment of active caries (28). Lactobacillus species fre-
quently comprise low proportions of plaque bacteria and thus
likely require targeted detection methods, for example, selec-
tive isolation (31) or quantitative PCR (7), to adequately eval-
uate their associations with early childhood caries.

Twenty different species or phylotypes of Actinomyces were
detected and were mainly detected from blood agar, as dis-
cussed above. A. gerensceriae was detected more frequently in
children with severe ECC, whereas A. naeslundii and several
unnamed Actinomyces phylotypes were detected in caries-free
children, although associations were not significant if the mul-
tiple comparisons are considered. The lack of strong associa-
tions of Actinomyces species with ECC is as previously ob-
served (3, 33, 47). Actinomyces sp. HOT 179 (previously known
as clone B19SC), which was overabundant in children with
active caries (9), was infrequently detected in the current study.
A. israelii was associated with severe ECC (31), whereas in the
current study it was associated with A. gerensceriae and caries.
These differences may be related to different methods of strain
identification, as these species are genetically similar. Like the
lactobacilli, actinomycetes may be secondary invaders of den-
tin (20, 28).

Streptococcus species. The principal caries-associated strep-
tococci were discussed above. In caries-free children, the strep-
tococci detected were S. sanguinis, S. parasanguinis, and S.
mitis, which is generally in agreement with the findings of
previous studies (31).

Gram-negative species. Acidogenic and nonacidogenic
Gram-negative species were detected in these children, consis-
tent with descriptions of childhood caries from molecular clon-
ing and sequencing and 16S rRNA probe analyses (1, 3, 9).
Many of the Gram-negative species, however, were suppressed
by the acid agar, exceptions being certain veillonellae, Lepto-

trichia wadeii, P. melaninogenica, and Campylobacter gracilis.
Only Veillonella parvula was associated with severe ECC. The
acid tolerance and association with caries-free children has not
previously been reported for Leptotrichia wadeii, but its asso-
ciation with health is consistent with the species description of
being isolated from saliva of a healthy individual (15). C. gra-
cilis is resistant to inhibitory agents (dyes and indicators) (48),
so acid tolerance is consistent with the general resistance of
this species. Veillonella species are frequently associated with
caries, and while they are not acidogenic, they may play a
critical role in the caries biofilm by supporting growth or sur-
vival of cariogenic species, as has been described for the inter-
actions between S. mutans and Veillonella species (33). Gram-
negative species have been observed invading dentinal tubules,
and it has been suggested that they may be involved in exten-
sion of lesions deep into dentine (28). All of the severe ECC
children had deep dentinal caries, with over 25% of molars
having pulp-invasive lesions (21). The presence of Gram-neg-
ative species may also reflect the gingival inflammation expe-
rienced by these children, particularly as interproximal plaque,
adjacent to the gingival sulcus, was included in the sample sites
assayed.

Study strengths and limitations. A major strength of this
study was use of the HOMD, a curated 16S rRNA sequence
database, to characterize isolates. HOT phylotypes reflect a
consensus of sequences rather than identifications to individual
clones, for example, in the GenBank database. HOMD phylo-
types are linked to a sequence available from NCBI or HOMD,
providing a better method to communicate findings than using
laboratory-specific identification schemes. Use of sequence-
based data for strain identifications proved a more rapid
method than our previous cultural studies that used combina-
tions of phenotypic tests with protein profiles to identify iso-
lates (49). Limitations of the study included use of partial 16S
rRNA sequence data for strain characterization, which are not
as robust as data from full gene sequences. For some species
that are difficult to identify to the species level, more robust
identifications could have been obtained by sequencing other
genes, for example, housekeeping genes for oral streptococci
in the S. mitis and S. oralis group (12). Further, we recognize
that not all fastidious species or species in very low abundance
were cultured.

Clinical relevance. The principal clinical implication of this
study was expanding our understanding of the cultural micro-
biota of severe ECC and identifying a new species, S. wiggsiae,
as a candidate caries pathogen for early childhood caries. S.
wiggsiae becomes a candidate, along with other aciduric, aci-
dogenic species, for testing as a risk indicator for dental caries
by examining its pathogenic potential in vitro and in model
systems, associations with initial carious lesions, and ability to
predict caries in longitudinal studies, either as a single species
or in species combinations.

In conclusion, this study achieved its primary objective by
associating a newly recognized species, Scardovia wiggsiae, with
severe ECC. Since this species is acidogenic (13) and aciduric,
as it was isolated on an agar of pH 5, S. wiggsiae is a candidate
to be a new caries pathogen. Further, we isolated and identi-
fied as diverse a microbiota as had been described using clon-
ing and sequencing analysis and have isolates of previously
uncultivated oral taxa. Classification of oral bacteria into those
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with and without tolerance to acid isolation will provide new
data for ecology studies examining relationships between spe-
cies in dental caries.
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